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Abstract
Movement is one of the most fundamental, and probably the only way, for humans and animals to interact
with the physical world. A control system in the body, known as the nervous system, utilizes actuating elements
within the body to generate movement. There are suggestions that the nervous system is very closely coupled with
movement and driven by physical needs. This implication could also apply to humans as well, from observations
on stroke patients indicating that repeated non-use of paretic limbs will eventually cause that limb to be non-
functional.
Gait deficits in post-stroke patients have been documented and the restoration gait functions is a clinically
important goal pursued by therapists. To achieve this goal, proper measurement of gait is required, because
without knowing what outcomes are to be expected, there is no way to design therapies for those outcomes.
Physical measures, like kinematics and spatiotemporal measures, currently in use provides quite a good estimate of
movement. However, it is not sufficient to evaluate the change neurological control of the limbs, as spatiotemporal
measures can only measure the physical outcome of the movement. Previous work showing improvement in gait
symmetry mainly evaluate kinematics and spatiotemporal measures but hypothesizes about neurological recovery.
Since the human body is highly redundant, compensatory actions could also give results that could be interpreted
as recovery. Although physical measures provide a good correlation with recovery, it might not be an indication
of true neurological recovery.
As stroke is a neurological disease, this thesis proposes the evaluation of muscle coordination as a way to
understand how the nervous system control movement. A muscle coordination index is developed in conjunction
with studies evaluating the effects of EMG-triggered lumbar support robotic exoskeleton on healthy subjects,
and also stroke patients undergoing robotic therapy with an EMG-triggered lower limb robotic exoskeleton.
Additionally, an evaluation method of gait symmetry during walking was proposed for therapists to document
gait symmetry visually.
Future directions for this avenue of research should be to clarify the relation between muscle synergies and
kinetics of lower limbs. Another future direction that could be pursued is controlled longitudinal studies of
patients utilizing robotic therapy. Although clear beneficial effects were observed in patients during in-patient
therapy programs, it is still unknown whether such effects are maintained after patients are discharged and it
would best for the patients if such effects were clarified.
I. INTRODUCTION
Movement is one of the fundamental actions for humans to interact with the physical world. It involves
the use of appendages to perform some task, like reaching or ambulation. Movement is also embedded
in some languages, for example, in the Japanese language, the word for a puppet or doll is ” 人形 ”,
which can be directly translated as ”human shape” or a human-shaped object, whereas a ”human” is
written as ” 人 ”. This implies that without movement, a human is no different from a puppet or doll.
Movement can be said to be related to consciousness, such that comatose patients are described as a
”vegetative state” ([1]), although there has been a recent movement trying to change this definition, due to
ethical issues of classifying patients as ”vegetative” and to remove stigma associated with the term ([2]).
Another evidence for the importance of movement comes from biology. As a prominent neuroscientist,
Daniel Wolpert famously said when describing the sea squirt, which digests its brain once it attaches
itself to a rock: ”So once you don’t need to move, you don’t need the luxury of that brain.” ([3]).
Conversely, it also implies that if any animal chooses not to move, the brain would probably degrade
from disuse. This implication is particularly important in the field of neurorehabilitation, and there is even
a study showing that repeated non-use of a paretic upper limb following discharge from a rehabilitation
program would the performance of the paretic limb to decrease ([4]). Evidence from studies evaluating
the effects of exercise on the brain suggest that exercise help the maintenance of brain executive and
memory functions ([5], [6], [7]). This goes to show how movement and the brain is so closely coupled,
and that it is possible to influence neural structures through the use of physical activity and exercise.
A. Symmetry in Nature and in humans
Symmetry in locomotion could be said to have been noted in very early works by the Greek philosopher,
Aristotle. He noted that animals with limbs have an even number of limbs for walking ([8]). Subsequent
work in zoology that studied evolution ([9]) postulated that bilateral symmetry in animals evolved from
radial symmetry, with biradial symmetry as an intermediate form.
The human central nervous system have been shown to be symmetrical structurally ([10]). Recent
studies with new imaging technology also supported the view that neural structures were symmetrical
in nature ([11]). Therefore, it is assumed that humans walk in a symmetrical manner, although this is
disputed by explanations of limb dominance. However, such explanations were not substantiated ([12]).
A study in lower limb joint kinematics indicated that healthy gait is asymmetric in nature (around 20%
asymmetry) ([13]), which means a clinically meaning threshold of gait symmetry is difficult to determine.
However, similar studies in lower limb joint kinematics of stroke patients showed that gait asymmetries
are of a much higher magnitude (more than 50% asymmetry) ([14]). Despite the ambiguity relating
limb dominance and gait symmetry, restoring gait symmetry should be considered as an important
clinical outcome. Hemiparesis, defined as weakness in one side of the body, is a common cause of gait
asymmetries after stroke ([15]). Evidence has shown that asymmetry gait is energy inefficient and is
associated with further complications, like joint pain, joint deformation, loss of bone mass in paretic
hip ([16]). Asymmetry gait is also correlated with loss of bone density, usually in the paretic limb ([17],
[18]), and also correlated to balance problems and falls ([19], [20], [21]). Therefore, effort should be
made to restore gait symmetry in stroke patients.
B. Purpose of research
With evidence of such tight coupling between the brain and body, there is no surprise to note that motor
impairments are one of the most common ailments reported in stroke patients ([22]), which is associated
with a lack of walking function in about 50% of stroke patients at the time of hospital admission ([23]).
Hence, physical therapy programs are aimed at restoring gait functions through the use of exercise and
gait training. It is also worth to note gait training is the most prevalent activity, based on the amount
of time spent on them ([24], [25]).
In post-stroke patients, their gait patterns are markedly different from their healthy counterparts. Such
changes include differences in gait velocity, kinematic profiles and spatiotemporal parameters (step
length and stance time). Given the ease of implementation, gait velocity has been established as a
clinical outcome measure to evaluate patients after therapy ([26], [27], [28]). However, recently, it has
been suggested that gait velocity might not be sufficient as a marker for recovery, especially in stroke
patients with hemiplegia, and that gait symmetry should be given more attention clinically ([29]). This
points to a need to understand motor recovery from the perspective of gait symmetry. Additionally, since
stroke is a neurological disease, there is also a need to understand the reorganization of the nervous
system after stroke from the perspective of gait symmetry.
Fig. 1. Levels in human movement control Adapted from [30]
The figure above (Figure 1) provides an overview about how human behaviour is generated. As stroke
is a neurological disease, there is also a need to understand the reorganization of the nervous system
after therapy. In this case, analyzing EMG would be a better alternative as compared to looking at
kinematics, because it provides a better view on the state of the nervous system. However, EMG data
is generally very high in dimension and difficult to analyze. To help reduce the dimension in data for
analysis, muscle synergy theory proposes that spinal circuits are activated together at the same time to
generate sufficient force to move the limbs.
In summary, to address the gap in knowledge about the neurological aspects of gait symmetry, this
thesis presents:
• The development of a measure of sEMG-based muscle coordination symmetry for gait
• The interpretation and translation of the analysis into a test that can be easily implemented
by therapists, without specialized research equipment
II. BACKGROUND
Stroke, according to the World Health Organization (WHO) criteria, is defied as ”rapidly developing
clinical signs of focal (at times global) disturbance of cerebral function lasting more than 24 h or leading
to death with no apparent cause other than that of vascular origin” ([31]). It is one of the leading causes
of global mortality and disability, and is estimated to have a large economic burden, due to the costs
of treatment and post-stroke care. ([31]). Given this large burden, it is important to understand the
mechanism of stroke recovery and design better therapies to allow patients to regain functions quickly,
without further negative complications.
A. Gait asymmetry post-stroke
Hemiparesis, which is a common observance with stroke, generally cause gait asymmetries, due to
weakness in one side of the body ([15]). Recent evidence has shown that asymmetry gait is energy
inefficient and is associated with further complications, like joint pain, joint deformation, loss of
bone mass in paretic hip ([16]). However, despite much efforts that has been put into investigating
gait symmetry, getting patients to recover gait symmetry is still not well understood, hampering the
development of intervention methods. Also, gait asymmetry is considered to be difficult to correct in
patients during therapy ([32], [33], [34]) and is predicted to worsen after discharge ([35]). A longitudinal
study showed that stroke patients actually had a worsening of gait symmetry after discharge when
evaluated with spatiotemporal measures of gait symmetry, but this worsening was not reflected in clinical
scores and motor evaluation scores ([36]). Neurological studies also show that neurological symmetry
is also an important factor to consider, as there is evidence that brain hemispheric asymmetry interferes
with recovery ([37], [38]). This can be explained with interhemispheric inhibition, where activity on
one side of the motor cortex can be inhibited by activity in the motor cortex on the opposite side ([39]),
which also led to various studies examining how to utilize this neural mechanism in stroke recovery
([40], [41]). Taken together, this shows that symmetrical gait is an important factor to consider and
should not be neglected when designing therapies to restore gait functions.
B. Robot-assisted therapy
With the development and commercialization of technology, various robotic exoskeletons have been
developed for therapy Some examples of them are the Hybrid Assistive Limb (HAL) ([42]), ReWalk
([43]), Lokomat ([44]) and the Lopes ([45]). These robots assist patients either by generating a pre-
defined sequence of walking motion, or provide assistive torque on demand to joints in the lower limbs,
via onboard sensors to detect the phase of gait. Studies evaluating the success of exoskeletons in general
focus on clinical outcomes, like gait speed and motor evaluation scores ([46], [47], [48]). [49] did an
extensive review on various studies that looked into the effects of exoskeleton on therapy. However,
their main conclusion is that it is too early to conclude that the benefits in rehabilitation is worth
using powered exoskeletons, although they noted that clinical trials demonstrated the safety of such
exoskeletons. In an earlier study, [50] also arrived at a similar conclusion that there is a need to develop
standardized protocols to assess the effectiveness of powered exoskeletons in rehabilitation for stroke
patients.
C. Muscle synergy analysis
Muscle synergies analysis (MSA) proposes that co-activations of muscles involved in complex movement
can be described with muscle synergies or motor modules. Such an analysis method has been used in
various studies to describe postural or locomotion tasks in humans ([51], [52]). These synergies can
be considered strategies that the human nervous system employs to facilitate control of limbs. MSA is
based on a mathematical method called the Non-Negative Matrix Factorization (NNMF) [53], used to
factorize high dimensional data in order to simplify data processing. MSA has recently been shown to
be useful in analyzing the gait of stroke patients ([54], [55], [56], [57]). Evidence from these studies
show that muscle synergies are significantly different from healthy controls during walking, suggesting
that stroke patients do indeed change the way they walk.
Muscle synergies have also been shown to be robust between subjects ([58]) and even between days
([59]) making it a very useful tool to analyze EMG data. Also, muscle synergies are suggested to
be invariant to gait velocity ([60]), which is further demonstrated in a computation model where it is
possible to achieve a wide variety of gait velocity by modifying a few parameters ([61]). This is in
contrast to joint kinematic analysis, which is showed to be affected by gait velocity ([62], [63]), which
might make kinematic analysis difficult.
Because of the numerous advantages of using MSA, this thesis aims to develop this method into an
index that could be easily used and understood by therapists.
D. Muscle synergies during repetitive stoop lifting with a lumbar support exoskeleton
This study ([64], currently under review) was conceived to examine the short-term change in muscle
coordination of the operators of a lumbar support exoskeleton. Lower back pain is a common problem
in the world, leading to the development of various lumbar support exoskeletons to tackle this problem.
Previous studies reported an improvement in task performance and decrease in fatigue when such
assistive devices were used. However, the impact of such devices on muscle coordination has not been
well studied. Exoskeletons constrain the range of movement and changes the dynamics of movement,
hence a change in muscle coordination would be expected.
1) Methods: 20 healthy subjects (age:20-35y) repeatedly lifted a box (female: 6kg, male: 12kg) until
they were fatigued, when using HAL for Lumbar Support. The exoskeleton assists hip extension torque
in accordance with back muscle activity. Muscle activity measured bilaterally from the biceps brachii
(BB), latissimus dorsi (LD), erector spinae (ES) and gluteus maximus (Gmax), were evaluated with
root-mean-square (RMS) and Non-Negative-Matrix-Factorization (NNMF). Kinematics and dynamics
of the lifting action were also analyzed to provide context for the muscle activity.
Fig. 2. Experimental setup and data processing
2) Results: Muscle synergies were significantly different when comparing between the HAL and no
HAL conditions (r = 0.36 (Non-Fatigue) vs 0.13 (Fatigue), p < 0.05). A significant decrease in muscle
activations of the back muscles was also noted (20% reduced, p < 0.05). Number of lifts performed
was greater when using HAL (87 and 67 p < 0.05) . Perceived fatigue was lower when using HAL
(6.15 and 7.12, p < 0.05). Significant reduction in the RMS of muscle activity in the Right LD, left
LD and Right ES were also noted.
Fig. 3. Difference in muscle synergy contents and timings against a random baseline
3) Discussion: The change in muscle synergies suggests that subjects coordinate their muscles in
response to the assistance provided by HAL. The change in coordination can also be observed in
muscles that were not directly supported by HAL, suggesting muscle coordination change affects the
entire body. Design and control of future generations of lumbar support exoskeletons should also take
into consideration the change in muscle coordination throughout the body.
III. MUSCLE COORDINATION SYMMETRY AS A CLINICALLY RELEVANT MEASURE IN
NEUROREHABILITATION
A. Lateral symmetry of synergies in lower limbs muscles of acute post-stroke patients after robotic
intervention
In this study [65], Several studies shown evidence of dramatic improvement of stroke patients after
undergoing a course of robot-assisted therapy. However, such studies either focused on motor evaluation
test results or gait speed, which have been shown to be insufficient to quantify neurological recovery
([36], [66]). Furthermore, gait symmetry has not been given sufficient attention in general, hence this
study was conceived to evaluate the improvement in gait, from the perspective of muscle coordination
symmetry in limbs.
1) Methods: Symmetry of gait was quantified by analyzing muscle activation patterns on both sides
of stroke patients undergoing robotic therapy. Analysis was performed with muscle synergy analysis. A
total of 12 muscles, 6 muscles from each side of the lower body, were selected from 8 stroke patients
in their acute phase. Patients were evaluated before and after a course of robotic therapy, with 9 therapy
sessions over 3 weeks.
Fig. 4. Experimental setup for stroke patients comparison and data processing
2) Results: A significant increase in similarity between muscle synergies was noted during the swing
phase of walking after robotic intervention (r = -0.1 (Pre), r = 0.27 (Post), p < 0.05). Number of muscle
synergies required for reconstruction on both sides of the body tend to match after robotic therapy.
Improvements in gait were also quantified by commonly used measures like gait velocity (14 m/min
(Pre), 31 m/min (Post), p < 0.05), step cadence (23 steps/min (Pre), 35 steps/min (Post), p < 0.05),
stance duration percentage of gait cycle (72 % (Pre), 64 % (Post), p < 0.05). Clinical assessments
(FIM-Locomotion, FIM-Motor (General), and FMA-LE) showed significant improvements as well.
Fig. 5. Synergy symmetry of all patients before and after therapy
Fig. 6. Synergy symmetry results of representative subject
3) Discussion: Results from this study showed that muscle synergies can potentially be a good tool
to quantify gait symmetry after therapy, providing insights into neurological recovery. However, as this
study is only a small pilot with 8 patients, the results should be interpreted with caution. Nevertheless,
this study presents the first iteration of a metric for muscle coordination symmetry in lower limbs.
B. Differences in muscle coordination symmetry in conventional and robot-assisted gait training
This study ([67]) is a continuation of the previously described study evaluating gait symmetry in stroke
patients during their acute phase, after a course of robot-assisted therapy. A control group consisting
of patients who were in a conventional therapy program, was added to compare the effects between
robot-assisted therapy and conventional therapy. Additionally, the study is also interested in how gait
symmetry changes over the course of different types of therapy, hence patients were also evaluated in
between sessions.
1) Methods: Muscle synergy analysis is used to study the muscle coordination patterns in the lower
limbs of 2 groups of acute post-stroke patients, one undergoing robot-assisted gait training (HAL
group)(Age: 57.16 +- 10.24 yrs, Onset to training: 12.5 +- 3.14 days) and one undergoing conventional
gait training (Conventional group)(Age: 68.83 +- 4.79 yrs, Onset to training: 15.33 +- 2.16 days). Gait
training schedules are synchronized between two groups, with 9 sessions over 3 weeks (3 session per
week). EMG was collected bilaterally from the adductors, vastus medialis, hamstrings, tibialis anterior,
gastrocnemius, gluteus maximus. Heel strike and toe off events were determined with Vicon motion
tracking for the HAL group, while foot events for the Conventional group were determined with foot
contact sensors in the shoe. Data collection was conducted for all patients at 4 time points: 1) Before
therapy, 2) After the 4th session 3) After the 7th session and 4) After the final session.
2) Results: Results show a trend of increasing muscle synergy symmetry for patients in the HAL
group, whereas patients in the Control group did not exhibit this trend. Intergroup comparisons of muscle
synergies and their corresponding timing coefficients show significance only for the timing coefficients
during stance phase. Finally, stance duration was significantly reduced in paretic and non-paretic side
of the body for the HAL group, but reduction is only observed for the paretic side in the Control group.
However, clinical scores for both groups were significantly increased after the course of their respective
therapies.
3) Discussion: In conclusion, one main contribution of this study is that muscle synergy analysis is
able to differentiate between patients undergoing different types of therapy, in terms of gait symmetry.
However, clinical scores were unable to do so. This is an important result because functional clinical tests
manually evaluates abilities in daily living, not the neurological state of patients. Robotic therapy appear
to provide an advantage over conventional gait training, in terms of muscle coordination symmetry, and
does so at a faster rate. Also, muscle coordination symmetry appear to be quantifying a different aspect
of gait symmetry, as compared to spatiotemporal measures, however, this is still unclear and future
works should consider clarifying the differences and underlying mechanisms influencing gait symmetry
to provide targeted therapies.
IV. PROPOSED MEASURE FOR THERAPISTS
This thesis proposes a method for physical therapists to evaluate gait symmetry easily, without a need for
specialized equipment. The proposed method is low-cost and only requires some easily obtained items.
This is an important point because it is unrealistic to expect all therapists to have access to expensive,
specialized equipment for gait analysis. The method itself is a visual evaluation based method, which
estimates the tilt in the posture of the patients during standing and walking. Weakness in the paretic
leg would generally cause the non-paretic leg to be favoured, thus a tilt of the body posture towards
the non-paretic side would be expected.
A. Evaluation Protocol
The evaluation protocol is described in this section. The figure below (Fig. 7) provides an overview of
how the protocol should be carried out.
Fig. 7. Overview of evaluation protocol Left side of the figure depicts the view of the evaluator facing the patient, while the Right
side of the figure depicts the view of an observer
1) Prop the surface on a wall, such that it is vertical, with the centerline on the surface perpendicular
to the ground
2) Patient stands in front of the surface, facing the evaluator, such that the imaginary centerline of
the patient’s hips coincide with the centerline of the white surface
3) Evaluator moves to about 6m away
4) Patient is asked to stand as straight as possible, while body deviation from the centerline is
measured on a Visual Analog Scale (VAS) by the evaluator
5) Patient is then asked to move towards evaluator and stop after 5m. Evaluator visually inspects
how much the body deviates during walking from the centerline and records it on the VAS
6) Evaluation ends
B. Interpretation of results
In standing symmetry (Item 4), the results would indicate the limb which is favored by the patient.
This does not mean that the favored limb is the stronger limb, as there could be other various reasons,
like compensatory movements. This metric is simply to indicate the direction of asymmetry, and visual
magnitude of the asymmetry, and that intervention efforts should be taken to correct this asymmetry.
Similarly, during walking symmetry (Item 5), the tilt indicates that is a visual indication of the favored
side and magnitude, not the cause of asymmetry. The aim of this metric is to promote awareness of
gait asymmetry in patients and direct intervention efforts to correcting such asymmetries.
V. CONCLUSIONS AND DISCUSSIONS
This thesis presents a new gait symmetry metric, based on muscle synergies, for the purpose of evaluation
of gait symmetry in stroke patients. Also, a method for therapists to evaluate gait asymmetry, according
to the amount of tilt in the body.
Gait deficits in post-stroke patients have been documented and the restoration gait functions is a clinically
important goal pursued by therapists. To achieve this goal, proper measurement of gait is required. As
an old saying from software engineering goes ”You cannot control what you cannot measure” ([68]).
This phase holds true for gait analysis as well, because without knowing what outcomes are to be
expected, there is no way to design therapies for those outcomes. Physical measures, like kinematics
and spatiotemporal measures, currently in use provides quite a good estimate of movement. However,
it is not sufficient to evaluate the change neurological control of the limbs, as spatiotemporal measures
can only measure the physical outcome of the movement. Previous work showing improvement in gait
symmetry mainly evaluate kinematics and spatiotemporal measures, but hypothesizes about neurological
recovery. Since the human body is highly redundant, compensatory actions could also give results that
could be interpreted as recovery. Although physical measures provide a good correlation with recovery,
it might not be an indication of true neurological recovery. This thesis provides a better measure of
neurological recovery by analyzing muscle coordination with EMG, which is an implementation of the
nervous system’s strategy.
Recovery of mobility after stroke is an important functional outcome of many therapy programs. How-
ever, contrary to the classic rehabilitation paradigm of functional recovery, neurorehabilitation, which
is based on the theory of neuroplasticity, is guided by the general principle of reducing impairments
([69]), instead of teaching or reinforcing compensatory movements. This might become more important
in future because functional recovery does not equate to the ability or confidence to use the paretic limb
([70]). Recovery of gait symmetry after stroke leans towards the neurorehabilitation principle, because
compensatory movements in gait implies that the non-paretic limb would compensate for the loss of
function in the paretic limb. This implication would most likely lead to gait asymmetries, and their
expected long-term complications ([17], [16], [19], [18], [20], [21]).
Muscle coordination has been shown to be useful in previously to qualify impairment in stroke patients
([54], [55], [56], [57]). This thesis has shown that muscle synergies are indeed sensitive enough
to detect changes in muscle coordination in pathological gait, as well as, to quantify neurological
recovery. This thesis develops muscle synergy analysis further into an index to quantify gait symmetry.
Studies conducted in this thesis has supported the observation that gait symmetry is difficult to quantify
with functional ability tests ([36]) and gait velocity ([34]). Correlations between muscle coordination
symmetry and motor evaluation test scores were weak for conventional therapy (Section III-B), indicating
that functional ability tests were indeed insufficient to quantify gait symmetry. Although there were
strong correlations between muscle coordination symmetry and functional recovery test scores in the
robotic assisted therapy group, functional ability test scores from both groups indicated that the patients
were all rated to have recovered sufficiently, further reinforcing the evidence that functional ability tests
were not sensitive enough to detect changes in gait symmetry.
One point to note is that robotic assisted gait training may speed up the improvement in gait symmetry,
as compared to conventional gait training (Section III-B). This could be that because of how robotic
assistance is scaled with muscle activations from the patients, they were able to learn how to coordinate
their muscles faster. However, this interpretation is currently difficult to verify and would require further
controlled studies to examine this effect. On the other hand, although the conventional therapy group
showed hints of regaining gait symmetry, the results were not significant. This could be due to the
limitation that the study was conducted over a period of 4 weeks. However, it should be noted that
intervention to correct impairment caused by stroke is recommended to be completed within 3 months
after stroke, because there are indications that further interventions after that time would not provide
any additional benefit ([69]).
Overall, the nervous system seems to tend towards symmetrical recovery, as evidence from previous
studies showing how the non-paretic side could be maladaptive ([37], [38]). This thesis provides
further evidence that the nervous system may be prioritizing symmetry over functional recovery, as
the complexity of muscle corodination in the non-paretic limb tries to match the complexity of muscle
coordination in the paretic limb (Section III-A). This effect should be examined in more detail in
future works because interventions based on recovering symmetry might be in conflict with historical
rehabilitation aims of functional recovery and compensatory movements.
As a closing remark, although healthy gait, in terms of joint angle kinematics, has been shown to
be asymmetric ([13]), this finding should not discourage interventions targetting gait symmetry. One
reason is because the asymmetry in post-stroke gait is of a much higher magnitude, as compared to
healthy gait, which causes long-term complications. The second reason is that encouraging compensatory
movements might induce the more asymmetry as patients continue to rely more on the non-paretic limb.
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